A new nondestructive method for measuring the spatial distribution of chromatic dispersion along an optical fiber is presented. It is based on using Brillouin optical time-domain analysis to probe the power distribution of the four-wave mixing generated by two continuous-wave lasers. The results obtained prove that this new method is capable of providing better performance than comparable techniques. Furthermore, sensing the variations of Brillouin gain maximum produces additional information about the fiber, such as presence of strain and concentration of GeO 2 . © 2003 Optical Society of America OCIS codes: 060.2270, 060.4370, 190.4380, 190.5890. Soliton transmission in optical fibers requires tight control of local chromatic dispersion D͑z͒ along the optical f iber.
Soliton transmission in optical fibers requires tight control of local chromatic dispersion D͑z͒ along the optical f iber. 1, 2 Several methods for mapping chromatic dispersion (CD) variations along the fiber have already been successfully developed. 3 -7 In this Letter we describe a new mapping method that overcomes several difficulties reported for previous configurations. It is based on sensing the power distribution of four-wave mixing (FWM) along the fiber by use of Brillouin optical time-domain analysis (BOTDA). Our method is based on the same effect as that described in Ref. 4 but avoids the problems encountered in this conf iguration that are due to modulational instability. Our method has the advantage of being suitable for mapping arbitrary values of CD coeff icients, whereas those described in Refs. 3 and 5-7 are restricted to mapping the zero-dispersion wavelength of the f iber (l 0 ).
We consider two continuous-wave lasers (l I and l K ) that deliver a few milliwatts (5-10 mW) of power at the fiber input (z 0). We assume that the power of both lasers is below the Brillouin threshold. The wavelengths of the two lasers are separated by a quantity Dl. By FWM, a Stokes wave (l S Ӎ l K 1 Dl) and an anti-Stokes wave (l A Ӎ l I 2 Dl) are generated. At a distance z from the fiber input, the power of the anti-Stokes and the Stokes waves depends on the accumulated phase mismatch among the four waves involved in the process (Db 2b I 2 b K 2 b A for the anti-Stokes wave), which in turn depends on the CD distribution along the f iber. Neglecting fiber losses and nonlinear pump depletion (this effect is negligible in our conditions), we can express the distribution of power of the anti-Stokes wave as
where, for small Dl (typically 1-4 nm), Db can be written as a function of the dispersion:
Thus, for reasonable values of CD, the power of the FWM f luctuates periodically along the fiber with a spatial frequency that can be linearly related to the CD. The goal is, therefore, to measure the power distribution of the Stokes or the anti-Stokes wave along the fiber. With this power distribution and by a simple time-frequency analysis we should be able to extract the CD map along the f iber. A method for doing so has already been reported. 4 Two strong (ϳ1-W) pulses were launched at the input end of the f iber, and the oscillatory behavior of the FWM generated was recorded by use of the Rayleigh backscattered light at the Stokes or the anti-Stokes wavelength. The main problem with this technique is modulational instability if the CD is small and positive as a result of the large powers used. In our case, entirely different probing is used that is based on BOTDA. By contrast with the method described in Ref. 4 , we benefit from the fact that Brillouin scattering is highly efficient in optical fibers, so our method can rely on continuous-wave, low-power (ϳ10-mW) FWM pumps, which should be well below the threshold for modulational instability. Our theoretical analysis reveals that, as long as the Brillouin gain (BG) is not too large, the shape of the FWM evolution should be adequately retrieved, as can be straightforwardly shown by use of the firstorder approximation of the Brillouin amplification for counterpropagating pump pulse and signal waves:
where g is the Brillouin linear gain, A eff is the mode effective area, P A and P P are the powers of the anti-Stokes and the Brillouin pump, respectively, and Dz is the pump pulse length. Inasmuch as the Brillouin pump power is subject only to standard attenuation and thus varies slowly, the amplified part of the signal DP A ͑z͒ is essentially proportional to the local power P A ͑z͒ of the anti-Stokes signal. As a result of the counterpropagating interaction between the waves, spatial distribution DP A ͑z͒ can be retrieved directly from the time distribution of the anti-Stokes signal.
The experimental setup that we use to measure the FWM distribution along the fiber is depicted in Fig. 1 . Two temperature-tuned distributed-feedback lasers act as FWM pumps. The polarizations of the two lasers are carefully aligned, so the maximum FWM is obtained. Self-and cross-phase modulation effects among the FWM pumps are largely negligible because of the low powers used (ϳ10 mW). As a result of the interaction of the two FWM pumps, a Stokes (anti-Stokes) wave will be generated at frequency f S ( f A ), following the model described above. The frequency of the BOTDA pump can be tuned to either f S 1 n B or f A 1 n B , where n B is the Brillouin shift (see Fig. 2 ). Here the frequency of the BOTDA pump is tuned to f A 1 n B . Hence, following the arrangement described in Fig. 2 , the system analyzes the CD at wavelength l I . We rough tune the frequencies by tuning the temperatures of the lasers, whereas we accomplish the f ine tuning by modifying the current of the laser at l K (I K ). To achieve a bigger signal in the fiber under test, generated a small (,10-mW) coherent seed in a dispersion-shifted fiber just after the FWM pumps. Although it is small, this seed enhances the power oscillations within the fiber and greatly facilitates tuning of the instrument. The polarization of the BOTDA is scrambled to prevent polarizationdependent variation of the BG. We analyzed the resultant traces by computing the spectrogram in the range of frequencies that corresponds to the expected range of values for the dispersion. The width of the analysis window determines the f inal resolution and uncertainty of the map. Bigger windows ensure less uncertainty but also less resolution. Figure 3 shows the trace obtained for a standard single-mode fiber. Our tests with standard f ibers (with l 0 in the second window) show that the relative variations in the CD are less than the uncertainty of the instrument (approximately 5% if only one period is taken in the analysis). This uncertainty is roughly similar to that reported in Ref. 4 . We note that the resolution is given basically by the period of the spatial oscillation recorded. An improvement in the resolution demands an increase in Dl and thus a reduction in the contrast of the oscillations. Figure 4 shows a trace acquired for a nonzero dispersion-shifted fiber. In Fig. 5 we show the dispersion map of the previous f iber, computed by the previous method. The width of the window of analysis is large (Ӎ2 km, or ϳ5 signal periods) to ensure that a low degree of uncertainty is achieved. The mean error between the maps obtained from the two f iber ends is less than 0.8%. We note that our system can be used simultaneously to investigate whether there are variations in GeO 2 concentration and to check for the presence of stress in the fiber. This information is related to the local shape and position of the BG curve. 8 By slightly tuning the current I K and assuming that the frequency of the laser changes at a constant rate (typically 600 MHz͞mA), we can determine the relative variations of the BG maximum along the fiber and relate them to various local properties of the fiber. To illustrate this capability we spliced together three standard f ibers with different dispersion coefficients and Brillouin shifts. Figure 6 shows the traces obtained for different values of I K . Note that each fiber has a different Brillouin shift and a different CD but that both quantities can easily be determined from our measurements. It should be stressed that the measured CD and the nominal one (measured with an end-to-end technique) agree precisely. Note also that the contrast of the oscillations is higher as the dispersion is lower, in agreement with relation (1) and Eq. (2) .
The main drawback of the present conf iguration is that the relative evolution of the three frequencies injected into the fiber (two FWM pumps and a Brillouin pump) has to be kept within the BG bandwidth of the fiber (typically 20-25 MHz). This fact implies that, with the present configuration, the system has to be retuned in periods not longer than a few minutes.
To sum up, we have demonstrated a new method of mapping chromatic dispersion in optical fibers. This new method overcomes many of the difficulties of other methods while it ensures good resolution and a low degree of uncertainty in the final determination of local CD values. Additionally, our system provides a way simultaneously to investigate variations of GeO 2 and test for strain in the f iber. Further research will be needed to improve the relative stability of the three lasers to ensure that we are always working within the BG bandwidth. A straightforward improvement of the method might be obtained by use of slightly higher FWM pump powers (to increase Dl without losing contrast in the oscillations). This would require phase dithering of the FWM pumps (to overcome Brillouin scattering) in such a way that the generated FWM would still have a narrow linewidth.
